Recently, fluorescent, monofunctional cis-platin derivatives have been developed to chemically label nucleic acids for use in fluorescent hybridization assays. Here we show by hybridizations to microarrays containing oligonucleotide probes for the 3′ ends, middle parts, and 5′ ends of mRNAs, that this labeling methodology bypasses the problem of the 3′ end bias that is characteristic of the conventional enzymatic oligo(dT)-primed, reverse transcription labeling of mRNAs.
INTRODUCTION
The advent of microarray and chip hybridization technology has enabled large-scale gene expression analysis at the RNA level by hybridizing fluorescent cDNA of an mRNA sample to large numbers of gene probes and taking the resulting fluorescence hybridization signals as measures of mRNA concentrations (1, 2) . In the great majority of such gene expression profiling studies, oligo-(dT)-primed reverse transcription of poly(A) mRNA is applied to label the hybridization target. In a substantial fraction of these studies, the oligo(dT) primer is extended at the 5′ end with a sequence that promotes cRNA transcription by a bacterial phage RNA polymerase, thus permitting, after secondstrand cDNA synthesis, a linear target amplification (3) that compensates for limited sample size and sensitivity (4) .
A well-established consequence of oligo(dT)-primed reverse transcription is that due to the limited processivity of the reverse transcriptase and secondary RNA structure, many of the mRNA species are represented in the labeled target only with their 3′ ends, a bias that will also be reflected in amplified cRNA.
Here we present a chemical labeling procedure that overcomes the 5′ end representation problem. The method is based on fluorescent cis-platin derivatives that bind to DNA or RNA monofunctionally, with preference for the N7 of the guanosine residues, and has been applied in fluorescence in situ hybridization applications (5) . Their use in cDNA microarray hybridizations has recently been described (6) . These fluorescent platinum compounds label RNAs over their full lengths, as evidenced here by the efficient detection of hybridization signals from mRNA sequences hybridized to oligonucleotide arrays with the 3′ ends, middle parts, and 5′ ends represented as 70-mer oligonucleotides. The potential applications of this chemical RNA labeling methodology are briefly discussed.
MATERIALS AND METHODS

Genes, Oligonucleotides, and Microarrays
GenBank ® accession numbers, the sequences, and positions of the (sense and antisense) oligonucleotides as distances from the 3′ end are available upon request. Oligo(dT) sequences (70-mers; T m range, 74°C-83°C) were synthesized by Qiagen/Operon Technologies (Venlo, The Netherlands) and spotted in replicates of six on aminosilane-coated slides at 40 µM using a GMS 417 arrayer (Affymetrix, Woburn, MA, USA).
Enzymatic cDNA Labeling, Chemical mRNA Labeling, and Hybridization
Enzymatically labeled cDNA was prepared from total Jurkat RNA using the MICROMAX Direct Labeling Kit (Perkin-Elmer Life Sciences, Boston, MA, USA) with Cy3 and Cy5 dUTP. Microarray hybridizations with the combined Cy3-and Cy5-labeled cDNAs were carried out for 16 h at 55°C with 10-µL volumes in the hybridization buffer supplied with the kit with the equivalent of 50 µg total RNA.
For chemical mRNA labeling, poly(A) mRNA was isolated using the OligoTex kit (Qiagen), followed by direct chemical labeling using 3 µg/20 µL mRNA in 5 mM Tris-HCl, pH 7.5, and Cy3 and Cy5 MICROMAX ASAP Labeling Reagents (Perkin-Elmer Life Sciences). Labeling was carried out at 85°C for 15 min. After the quenching of the reactions with 1% sodium diethyldithiocarbamate in 250 mM Tris-HCl, pH 7.5, the labeled mRNAs were combined and purified from quenched labeling reagents with YM100 spin columns (Millipore, Bedford, MA, USA). Following SpeedVac ® drying, the labeled mRNA targets were resuspended in 40 µL hybridization buffer II of the MI-CROMAX ASAP kit. Microarray hybridizations were for 16 h at 50°C with 10-µL volumes in Corning hybridization chambers (Corning, Corning, NY, USA) with the equivalent of 75 µg total RNA.
Data Acquisition, Analysis of Variance, and Presence/Absence Criteria
Microarrays were scanned with an Axon 4000 scanner (Axon Instruments, Union City, CA USA) with the photomultiplier tube set at 650 V for Cy3 and Cy5 enzymatic cDNA labeling and 590 and 620 V for Cy5 and Cy3 chemical mRNA labeling. The fluorescence intensities of the spots were determined with the aid of ArrayPro (MediaCybernetics, Carlsbad, CA, USA).
An analysis of variance (ANOVA) of fluorescence intensities was performed for all genes collectively at the relative positions using SPSS software (Chicago, IL, USA).
For the analysis of individual genes, we defined the presence of a signal for mRNA direct chemical labeling at a given position in a replicate if, for the average of the six spots, the antisense value minus (sense value, plus 3 × SD) were greater than zero. For cDNA labeling, sense values minus (antisense value, plus 3 × SD) greater than zero were taken as present calls. For the presence of the full-length transcript, we demanded that at all three positions, a minimum of two of the three replicate microrray hybridizations gave present calls at all three positions in both colors; that is, a minimum of 12 calls of the maximum of 18 (equals three replicate hybridizations × two colors × three positions).
RESULTS
To analyze the capacity of the chemical mRNA labeling and the enzymatic cDNA labeling to report various segments of gene transcripts equally, we produced oligonucleotide "representation microarrays" for 38 gene transcripts (size range, 1259-12 783 nucleotides) by synthesizing sense and antisense oligonucleotide probe sequences of 70 nucleotides in length representing the 3′ end, the middle, and the 5′ end of the transcripts. The oligonucleotides were printed in replicates of six on aminosilane-activated microscopic glass slides. Because of rapid annealing of labeled singlestranded mRNA and cDNA targets, we opted to analyze results of separate, replicated microarray hybridizations with the different labeling methods in a self-to-self bicolor format. Thus, we hybridized three of the oligonucleotide microarrays with Cy3 and Cy5 chemically labeled Jurkat mRNA and three with enzymatically Cy3-and Cy5-dUTP labeled Jurkat cDNA [oligo(dT)primed reverse transcription] and analyzed representation of the three positions globally for all genes as well as each gene individually.
ANOVA was used for global analysis ( Figure 1 ) and showed the means of the representations at all three relative positions to be near equal for mRNA labeled with the platin reagents as reported by antisense probes. For cDNA labeling, the means of representation of all genes as reported on sense probes were significantly reduced as one moved to the 5′ end, clearly illustrating the 3′ end bias of the latter procedure. ANOVA allows for assessment of the factors that contribute to the variance observed. As expected from the widely varying levels of expression, the largest factor contributing to the variance was from the genes themselves (72%). The replication of the microarray hybridizations contributed 1.8% to the variance. The cyanine dyes also contribute to the variance in the same order of magnitude (1.6%), which was also reflected in excellent correlation between the Cy3 and Cy5 signals with the chemical RNA labeling (Figure 2 ; correlation coefficient in linear regression: 0.98). A portion (25.4%) of the variance remained unexplained (i.e., resulted from experimental variability of unknown source).
While the global ANOVA analyses may show the absence of positional bias with chemical mRNA labeling, it conceals how individual genes vary in representation at the different positions. To assess the equivalence of representation at the three positions of individual genes in a quantitatively reliable way, a stringent criterion of presence for a "full" transcript was set to eliminate analytically unreliable data from low expressing genes (see Material and Methods).
Twenty-eight genes fulfilled the criterion of presence for a full transcript for the chemical mRNA labeling (range of distances from 3′ to 5′ end: 1133-8942 nucleotides; Figure 3A and Table  1 ). Of these 28, there were only 12 gene transcripts fully present in labeling by direct Cy-dUTP reverse transcription (42%; range of distances from 3′ to 5′ end: 1133-2851 nucleotides; Figure 3B The number of genes with signals present at the 3′ end, middle, and 5′ end positions are indicated. Numbers in parentheses indicate the absolute distance ranges (in nucleotides) of the 5′ probes from the 3′ end. and Table 1 ). The reverse situation of gene transcripts fully present in cDNA but not in mRNA, labeling was not encountered.
Of the 10 gene transcripts that did not meet the criterion in mRNA labeling, four gave in one of the replicates clear, present calls at about equal intensity at all three positions. Among these four was the longest transcript selected (gene ID: U34994; 12 783 nucleotides).
When using a greater than 2-fold change as a commonly accepted value for the altered expression in RNA expression profiling by microarray hybridization, 20 (71%) transcripts could be considered equally represented at the three interrogated positions. When a 40% deviation was taken as a criterion of equal representation, 14 (50%) of the 28 gene transcripts could be considered as being expressed equally over their full lengths with the chemical mRNA labeling procedure. Five transcripts had consistent greater than 2fold downward deviation (i.e., 3′ end > middle > 5′ end). Such underrepresentation of 5′ ends can be explained by the selective mRNA degradation during the sample processing, which included oligo(dT) selection performed before the mRNA labeling. Three genes had a greater than 2-fold upward change. One of these had consistent upward deflection (3′ end < middle < 5′ end), one deviates about 8-fold at the 5′ position only, and one deviates about 10-fold at the middle position only. BLAST searches did not indicate extensive sequence homologies for the latter two, and we consider these results as microarray hybridization artifacts. In enzymatic cDNA labeling, there was only one gene among the 12 fully present that complied with the less than 2fold change criterion.
DISCUSSION
It is evident from the results that direct chemical mRNA labeling using fluorescent cis-platin compounds removes to a very large extent the 3′ end bias that is characteristic of oligo(dT)primed cDNA labeling of poly(A) RNA. As such, it may compete with enzymatic cDNA labeling using random primed reverse transcription, which is also useful for detecting 5′ RNA sequences (7) .
Enzymatic cDNA and chemical RNA labeling both need relatively large amounts of input RNA. Enzymatic cRNA amplification with the incorporation of a label is frequently used to compensate for limited sample size or sensitivity (3, 4) . cRNA amplification, in the absence of labeled nucleotides, followed by the chemical platin labeling of the "cold" cRNA may alternatively be used, but the representation is then determined by the processivity of the reverse transcription during cDNA synthesis, and the specific advantage of transcriptome labeling with no positional bias may not be fully exploited.
The ability to faithfully label a transcriptome, together with its convenience, may make direct chemical cisplatin-based mRNA labeling a valuable technique for cDNA and cRNA microarray hybridizations in general (6) and the technique of choice for scanning genomic regions for expressed exons using tiled genomic oligonucleotide sequences (7) for the detection of alternative splice variants using oligonucleotides that span splice junctions (8) and for labeling nonpoly(A) RNAs.
